Purpose of review Two-thirds of the pregnancies complicated by stillbirth demonstrate growth restriction. Identification of the foetus at risk of growth restriction is essential to reduce the risk of stillbirth. The aim of this review is to critically appraise the current evidence regarding clinical utility of cerebroplacental ratio (CPR) in antenatal surveillance.
INTRODUCTION
Foetal surveillance to identify foetal growth abnormalities is an important aspect of antenatal care. Small-forgestational age (SGA) foetuses are at increased risk of adverse events such as intrauterine death, intrapartum foetal compromise, operative delivery, and poor neonatal outcomes [ ]. Successful antenatal monitoring and identification of SGA prior to delivery can mitigate the negative impact of foetal growth restriction (FGR) [8, 9] . In United Kingdom, fundal height measurement is the routine method of growth assessment for women deemed to be at low-risk for developing SGA [10] . The basis for this approach lies in the lack of substantial evidence showing ultrasound scans are helpful for preventing perinatal death [11, 12] . However, recent evidence suggests that routine ultrasound scans can be helpful for the antenatal diagnosis of SGA and, more importantly, the identification of the subgroup of SGA foetuses at increased risk of adverse outcome [13] . Rather than using a biological basis, SGA is often defined with statistical terminology (percentile) which by default labels 3-10% of all pregnant population at risk for adverse perinatal outcomes. However, the actual incidence of adverse events is less than the apparent prevalence of SGA. Moreover, most foetuses who suffer adverse outcomes such as stillbirth or intrapartum foetal compromise are not suspected to be SGA during antenatal follow-up. Autopsy studies demonstrate that the rate of SGA in the pregnancies complicated with stillbirth may be overestimated because of the loss of foetal weight after intrauterine death [14] . The shortcomings of using estimated foetal weight (EFW) alone as a surrogate for adverse outcomes have been outlined in recent publications and it is evident that more refined markers of foetal health are needed [15,16 & ,17
The cerebroplacental ratio (CPR) has emerged as an assessment tool for foetuses at increased risk of growth disorders. CPR is calculated as a simple ratio of middle cerebral artery (MCA) pulsatility index and umbilical artery pulsatility index (Fig. 1) . A low CPR indicates a redistribution of the cardiac output to the brain. Cerebral redistribution of blood flow is a proxy for hypoxemia and is associated with poor perinatal and long-term neurodevelopmental impairment [18, 19] . Although cerebral redistribution is reflected in MCA Doppler, CPR has been shown to improve the accuracy of predicting adverse outcome compared with MCA or umbilical artery Doppler alone and also to have a strong association with intrauterine hypoxia [20, 21] . In recent years, there is a surge in studies evaluating CPR in various subpopulations of pregnant women. The aim of this review is to summarize the key evidence regarding the utility of CPR in the antenatal management of SGA and appropriate for gestational age (AGA) foetuses.
UTILITY OF CEREBROPLACENTAL RATIO IN SMALL-FOR-GESTATIONAL AGE FOETUSES: DIAGNOSIS AND RISK STRATIFICATION
The difficulty in diagnosing late-onset FGR is partly because of the suboptimal performance of EFW alone in identifying the pregnancies with SGA baby. The addition of uterine artery Doppler and placental biomarkers during varying gestational ages marginally improves the detection of SGA in large cohort studies which implies that late-onset FGR is associated with placental dysfunction [22] [23] [24] . The degree of placental dysfunction in late-onset FGR is unlikely to produce the characteristic findings found in earlyonset cases such as loss of end-diastolic flow or reverse flow in umbilical artery. The lack of characteristics changes in the umbilical artery Doppler makes it a poor candidate for improving the detection of lateonset FGR. However, recent evidence suggests that
KEY POINTS
A low CPR is associated with poor perinatal outcomes including stillbirth, perinatal death, low Apgar score, neonatal acidosis, admission to the neonatal care unit, intrapartum compromise, caesarean delivery, and longterm neurocognitive impairment in suspected SGA foetuses.
In foetuses deemed to be AGA, CPR is still associated with abnormal growth velocity, lower birthweight, and increased rate of intrapartum foetal compromise.
The stand-alone predictive value of CPR is unlikely to be sufficient for clinical use without using other antenatal and intrapartum variables in both SGA and AGA foetuses. Clinical significance of cerebroplacental ratio Kalafat and Khalil the addition of CPR to EFW may improve the detection of late-onset FGR [25, 26] . However, the magnitude of improvement with the addition of CPR was marginal at best (5% increase in detection rate in the third trimester and likelihood ratio of 1.6 in the second trimester ] have proposed a risk stratification protocol for suspected-SGA foetuses which included CPR, uterine artery pulsatility index, pregnancy-associated plasma protein, and presence of hypertension. They compared the outcomes of preprotocol management in which suspected-SGA foetuses were delivered at 37 weeks' gestation to protocol group where pregnancies were induced at specific times according to their perceived risk. The implementation of risk stratification protocol improved the vaginal delivery rates and lowered neonatal composite adverse outcomes which were mainly because of neonatal care unit admission and ventilation support. Although preliminary evidence suggests that CPR is beneficial for risk stratification of SGA foetuses, more prospective studies are needed to clarify the role of CPR.
TIMING AND MANAGEMENT OF LABOUR IN SUSPECTED SMALL-FOR-GESTATIONAL AGE
Suspected SGA foetuses are at increased risk of adverse perinatal outcomes compared with AGA foetuses [32 & ]. Numerous studies have evaluated the association of CPR with these adverse outcomes and have shown that the CPR is a useful marker for identifying foetuses at increased risk [1,2
Although intrauterine death is a rare event in lateonset FGR, it is also legitimate concern which prompts most physicians to choose induction of labour at term (beyond 37 weeks' gestation) over expectant management. The ideal time for induction of labour and its association with perinatal outcomes or its interaction with antenatal variables such as parity, EFW, and CPR is yet to be determined. Two cohort studies investigated the association of CPR and known antenatal and intrapartum risk factors with the risk of intrapartum foetal compromise and neonatal care unit admission
The gestational age at delivery was found to have a significant impact on both outcomes in these studies. Interestingly, the direction of association differed. The risk of intrapartum foetal compromise appeared to increase beyond 39 weeks, whereas the risk of neonatal care unit admissions appeared to decrease beyond 37 weeks' gestation. As of yet, it is not possible to propose a management algorithm based on high-quality evidence. However, empirical evidence and findings of nonrandomized studies suggest that foetuses showing risk of significant compromise because of abnormal CPR or very low EFW should be induced earlier whereas expectant management up to 39 weeks' gestation may be feasible for a subgroup of SGA foetuses (Fig. 2) 
The benefit of prolonging gestation beyond 39 weeks' gestation appears to be limited even in low-risk pregnancies, and therefore, suspected SGA foetuses should not be expectantly managed beyond this point [34] .
Labour management of suspected SGA foetuses is also complicated because of varying risk of intrapartum compromise. A multivariable prediction model including CPR, gestational age at delivery, parity, and intrapartum risk factors was able to discriminate the foetuses who will need operative delivery for presumed compromise with modest accuracy (area under the curve: 0.76, 95% confidence interval: 0.72-0.80) [5 && ]. In this cohort, the CPR showed a linear association with the risk of operative delivery and the strength of association was similar to that of intrapartum risk factors such as labour induction and augmentation or epidural analgesia. An external validation study is currently ongoing which could verify the utility of the prediction model in clinical practice (Kalafat E, Morales-Rosello J, Scarinci E, Thilaganathan B, Khalil A, under review). Although studies on CPR commonly use a predefined threshold (<10th centile, 0.6765 multiple of median, <1.1, so on), some values above these thresholds may be falsely reassuring. Prior et al. [35] suggested that a CPR above more than 90th centile for gestational age is a protective factor against intrapartum foetal compromise. Findings from these two studies imply that CPR have a dose-response relationship with the risk of intrapartum foetal compromise and using crude cut-offs may be less efficient for predicting adverse outcomes [5 && ,35]. However, the clinical applicability of CPR greatly diminishes when we use cut-offs (as a binary variable) instead of using it as a continuous measure. A mobile app is also developed to overcome this problem and calculate the individualized risk of operative delivery with ease using the multivariable model suggested by Kalafat et al. 
SHORT-TERM AND LONG-TERM NEONATAL OUTCOMES OF SMALL-FOR-GESTATIONAL AGE FOETUSES
CPR has been shown to be a predictor of short and long-term adverse perinatal outcomes in SGA foetuses [3, 36] . Suspected SGA foetuses with low CPR are at increased risk of perinatal death, neonatal acidosis, low Apgar scores, and composite adverse outcomes (Table 1) Although signs of overt neurological damage could not be demonstrated via biomarkers, these findings suggest that cerebral autoregulation is not entirely a protective mechanism but merely a salvage pathway in response to inadequate oxygenation [41 & ]. The FIGURE 2. Management algorithm for suspected small-for-gestational age foetuses according to apparent peripartum risk. CPR, cerebroplacental ratio; EFW, estimated foetal weight; NICU, neonatal ICU; SGA, small-for-gestational age. Table 1 . Cerebroplacental ratio as a marker of adverse perinatal outcomes in suspected small-for-gestational age foetuses short and long-term outcomes of foetuses with abnormal CPR suggests that prolonging the gestation when there is evidence of cerebral involvement may not be beneficial for the foetus.
CHANGING CEREBROPLACENTAL RATIO VALUES WITH GESTATION: ROLE OF LONGITUDINAL ASSESSMENT IN SMALL-FOR-GESTATIONAL AGE FOETUSES
Abnormal growth velocity was suggested as an adjunct marker for diagnosing late-onset FGR in a recent Delphi consensus [42] . Some studies suggest that models accounting for the longitudinal changes in Doppler parameters are superior to cross-sectional assessment for the prediction of adverse outcomes [43] [44] [45] [46] [47] [48] [49] . Despite the fact that assessment of the foetal growth velocity is likely to be useful in identifying FGR, the complex nature of its calculation and lack of standardization of its assessment limits its potential use in routine clinical practice. More studies are needed to demonstrate whether the change in CPR with advancing gestation improves the prediction of the foetus at risk of adverse pregnancy outcome, compared with its assessment at a single point.
ROLE OF CEREBROPLACENTAL RATIO IN EARLY-ONSET FOETAL GROWTH RESTRICTION
The role of CPR in early-onset FGR has been scarcely evaluated. Current decision-making protocol for early-onset FGR relies on venous Doppler and computerized cardiotocography leaving little room for CPR in the management of these foetuses. However, the TRUFFLE investigators have reported that higher MCA pulsatility index z-scores and lower umbilicocerebral ratio were associated with better neonatal survival and normal neurodevelopmental outcome at 2 years [50 & ]. Post hoc analyses of randomized trials such as TRUFFLE could be beneficial for discerning the role of CPR in the management of early-onset FGR.
UTILITY OF CEREBROPLACENTAL RATIO IN APPROPRIATE FOR GESTATIONAL AGE FOETUSES: FAILING TO REACH GROWTH POTENTIAL AND STILLBIRTH
EFW is a poor indicator of foetal well-being and most stillbirth cases are not suspected to be SGA during the antenatal period [51 ] have demonstrated that episodes of reduced foetal movements are associated with lower CPR values, with women reporting recurrent episodes having even lower CPR values compared with women with a single episode of reduced foetal movement. It is important to note that none of the stillbirth cases in this cohort were suspected to be SGA during the antenatal follow-up. CPR showed an independent association with both reduced foetal movements and stillbirth in this relatively high-risk cohort. In a similar study, Monaghan et al. [52] have suggested that the utility of CPR may be limited in low-risk pregnancies in which the uterine artery Doppler and EFW showed significant association with stillbirth. However, the estimated effect for all three variables (CPR, uterine artery pulsatility index, and EFW) were marked by large confidence intervals because of the low number of stillbirth cases (n ¼ 12) in the cohort. CPR still had a positive but insignificant association with stillbirth (odds ratio: 1.97) because of wide confidence intervals which may very well be because of low number of cases included in the study. These findings are in line with previous reports suggesting that placental dysfunction may be better predicted by Doppler studies compared with
]. CPR appears to be beneficial for identifying foetuses who fail to reach their growth potential while still remaining within normal EFW ranges.
Birthweight is known to be associated with maternal characteristics, including ethnicity. Customized growth charts were developed to account for ethnic differences with the aim of improving the detection of SGA foetuses at risk. A recent study by Morales-Rosello et al. [53 & ] used a different approach to address this issue and has shown that CPR is better in explaining birthweight differences, when compared with ethnicity. Furthermore, racial/ethnic standard proposed by the National Institute of Child Health and Human development failed to better identify foetuses at risk for neonatal adverse outcomes compared with Hadlock chart [54] . Similar results were reported for customized charts which also uses maternal ethnicity as a modifier [55] . These findings suggest that birthweight differences may be better explained in a context of placental function rather than ethnic/genetic influence.
ASSOCIATION OF CEREBROPLACENTAL RATIO WITH ADVERSE OUTCOMES IN APPROPRIATE-FOR-GESTATIONAL AGE FOETUSES
In recent years, an increasing number of studies investigate the association of CPR with adverse outcome in low-risk and/or AGA pregnancies [ Clinical significance of cerebroplacental ratio Kalafat and Khalil better markers of foetal well-being in apparently low-risk pregnancies. Current literature reports conflicting results regarding the value of CPR in AGA pregnancies. Most studies suggest an increased risk of intrapartum foetal compromise and operative delivery because of presumed compromise in AGA foetuses with low CPR (Table 2) . Three most commonly reported associations of low CPR in AGA babies were increased risk of presumed foetal compromise, lower birthweight, and lower gestational age at delivery. The estimated effects are relatively similar in the various published studies and are also consistent between blinded prospective studies and retrospective studies. However, the strength of association between CPR and these outcomes is not strong enough to suggest preemptive caesarean section over a trial of labour, mainly due to the strong influence of intrapartum risk factors which are unknown antenatally. However, the association implies that CPR is beneficial in identifying a subgroup of AGA pregnancies at greater risk of foetal compromise and would merit closer intrapartum surveillance. Neonatal outcome measures such as admission to the neonatal unit or abnormal umbilical cord pH were inconsistently reported to be associated with low CPR in contrast to SGA babies. This heterogeneity in the reported association between CPR and short-term perinatal outcomes could be explained by the confounding effect of intrapartum risk factors, variable diagnostic criteria of intrapartum foetal compromise and different intrapartum management protocols across centres. It is also plausible that the lower association of CPR with adverse neonatal outcomes in AGA than SGA foetuses could be explained by the fact that AGA foetuses are more resilient to metabolic stress compared with SGA foetuses. High-quality large prospective studies with consistent intrapartum protocols are needed to determine the place of CPR in the management of AGA foetuses. In the meantime, close intrapartum surveillance may be prudent in AGA foetuses with low CPR. Figure 3 summarizes the utility of CPR in SGA and AGA foetuses.
CONCLUSION
CPR appears to be a useful surrogate for suboptimal foetal growth and intrauterine hypoxia in suspected SGA foetuses. A low CPR value should prompt delivery at term (!37 weeks' gestation) in suspected SGA foetuses and a close intrapartum surveillance in AGA foetuses. Although there are many proposed cut-offs for abnormal CPR, most of these cut-offs are associated with similar risk estimates as long as the used cut-off adjusts for gestational age (i.e., percentile or multiple of median). Future large randomized trials should help with discerning the role of CPR in the management late-onset FGR. 
